ABSTRACT
Introduction
nitrosoglyphosate [N-(Phosphonomethyl)glycine, c 3 h 8 no 5 P] is the active ingredient in the herbicide Roundup™, commonly referred to as glyphosate. it is a broad-spectrum herbicide widely used in the world for elimination of annual and perennial weeds in agriculture. it acts via inhibition of 5-enolpyruvylshikimate-3-phosphate synthase, which results in depletion of essential aromatic amino acids vital for plant survival (29) . the application of glyphosate leads to yellowing and decay of leaves within 5-10 days (sometimes 30 days) caused by the breakdown of aromatic amino acid synthesis.
the trend toward reduced tillage and increased maintenance of surface crop residues will result in changes in the soil microflora and shifts in microbial processes that are agriculturally or environmentally important (8) . As reported by Buffin and Jewell (4) , the excessive use and large-scale synthesis of glyphosate cause a number of environmental problems. Glyphosate is toxic to soil organisms and to beneficial arthropod predators. Application of glyphosate in the agriculture for a long period of time increases the susceptibility of crops to diseases and in arable areas causes dieback in hedgerow trees. the breakdown of glyphosate by microorganisms in water may stimulate eutrophication effects. Penaloza-Vazquez et al. (19) reported that glyphosate remains unchanged in the soil for varying lengths of time, because of its adsorption on clay particles and organic matter present in the soil. this condition makes this herbicide very persistent in soils and sediments. in fact, glyphosate is commercially successful as an effective herbicide. this success, also supported by the statement of being environmentally friendly, has encouraged extensive studies on the biodegradation of this herbicide by soil microorganisms.
there are a number of studies on the microbial degradation of glyphosate by bacteria and many strains of Pseudomonas (18) , Flavobacterium (3), Agrobacterium (27) , Arthrobacter (20) , Bacillus (12) , Rhizobium (16) , and Acromobacter (10) . however, the biodegradation of glyphosate by fungal species, especially by Trichoderma viride, is less well-documented. only the degradation process by Penicillium (5, 13, 21) and Fusarium (26) have been extensively characterized. The screening of soil-borne fungi using a medium containing glyphosate (15) showed that Trichoderma spp. was predominant. it is well known that the members of genus Trichoderma have a wide range of economically useful features that have applications for multiple biotechnological uses, mainly in the agriculture (22, 25) , industry and environmental biotechnology (23) . currently, Trichoderma viride is commonly applied in the treatment of soil and seeds for suppression of a range of plant diseases caused by fungal agents.
in a previous study (1), the herbicide glyphosate was used as a screening agent, as the sole source of phosphorus, for isolation of soil-borne fungi from forest soil. We selected Trichoderma sp. strain FRP3 for the present study because it had the highest ratio of growth diameter on medium PDA to growth diameter on Modified Rose Bengal Agar C, and the species has wide application in the agriculture. in this study, we 
Materials and Methods
Chemicals the herbicide glyphosate, known as Roundup™ (containing 480 g/L active ingredient, Nissan Chemical), was purchased from a local store in Ube, Yamaguchi, Japan. All other chemicals were of the highest purity commercially available.
Fungal identification
Trichoderma sp. strain FRP3 obtained as a result of the isolation process was then purified and cultivated on Malt Extract Agar (Difco; Becton Dickonson and Company, USA), Potato Dextrose Agar (PDA) (Difco; Becton Dickonson and Company, USA) and Czapek Agar for taxonomic investigation based on the morphology of colonies and cells, using identification keys and methods following Domsch et al. (7). Fungal identification was also performed by 18S rRNA gene amplification (28) . DNA isolation was carried out using a modified CTAB procedure as described by cai et al. (6) . A partial sequence of the 18S rRnA gene (about 320 bp) was amplified using the primer pair NS1 (5'-GtAGtcAtAtGcttGtctc-3') (8) and Gcfung (5'-cGcccGccGcGccccGcGcccGGcccGccG cccccGccccAttccccGttAcccttG-3') as described by May et al. (17) . the optimized PcR thermal cycles for the primer pair nS1 and Gcfung was as follows: initial denaturation at 95 °C for 4 min and 35 cycles of 95 °C for 1 min, annealing at 50 °C for 1 min and 10 s, extension at 72 °C for 2 min, then followed by a final extension at 72 °C for 8 min. Each PCR reaction contained 5 μL of 10× PCR buffer, 2 μL of MgCl 2 (25 mmol/L), 4 μL of dNTP (2.5 μmol/L) mixture, 1 μL of BSA (1 μg/μL), 0.3 μmol/L of each primer, 0.8 units Taq Polymerase, and 10 ng template DnA. the result of the 18S rRnA gene sequence was compared with those available in the GenBank public databases (http://www.ncbi. nlm.nih.gov/GenBank/).
Effect of pH and temperature the effect of temperature and ph for mycelial growth were investigated on PDA. A 5 mm diameter plug of an inoculum was removed with a cork borer from 4-day-old cultures of the fungal strain grown on PDA. each plug was placed in the center of an agar plate containing PDA adjusted to pH 4.0, 4.5, 5.0, 5.5, 6.0, or 6.5 with 1 mol/l naoh or hcl, and was incubated for 4 days at 25 ºC. To investigate the optimum temperature for mycelial growth, a 5 mm diameter plugs were removed from 4-day-old cultures of the fungal strain grown on PDA and each plug was placed in the center of a plate containing PDA
ºC. The measurement of mycelial growth was performed according to the method described by Shim et al. (24) . The average values were obtained from three replicates.
Growth profiles
The observation of growth profiles was examined in 250 mL Erlenmeyer flasks containing 100 mL Czapek broth medium, which was inoculated with a spore suspension (2×10 7 spores/ ml) and the ph of the medium was maintained at 5-5.7. each liter of czapek broth medium contained 30 g of sucrose, 3 g of nano 3 , 1 g of K 2 hPo 4 , 0.25 g of MgSo 4 .7h 2 o, 0.5 g of Kcl, and 10 mg of FeSo 4 . the same medium was used but without K 2 hPo 4 to serve as the control (medium in the absence of phosphate). thus, when glyphosate was used as the sole source of phosphorus, K 2 hPo 4 was replaced by glyphosate at a final concentration of 10 mmol/L (14) . All glassware was washed with 1 mol/l hcl and rinsed with deionized water to remove contaminating phosphate before use and then glyphosate was added after medium sterilization. the cultures were incubated at 27 ºC with shaking at 100 rpm (EYELA, Japan). Every four days, the cultures were filtered and the dry weight of the mycelium was determined. the average values were obtained from three replicates.
Direct indicators of glyphosate degradation the degradation of glyphosate by Trichoderma sp. strain FRP3
was examined in 250 mL Erlenmeyer flasks containing 100 mL Czapek broth medium as prepared in the "growth profiles" observation. The cultures were incubated at 27 ºC with shaking at 100 rpm. the glyphosate degradation was determined on the basis of total phosphorus using the vanadomolybdophosphoric acid colorimetric method (9) . Every 4 days, a 6 mL sample of each broth culture was pipetted into a centrifugation tube and centrifuged for 10 min at 1500 rpm. Five milliliters of the supernatant were transferred into a test tube and 1 ml of potassium peroxodisulfide (K 2 S 2 o 8 ) solution was added. this mixture was then autoclaved at 120 ºC for 30 min. After cooling, 5 mL of the mixture were pipetted into a new tube and 0.4 mL of freshly prepared color reagent {(nh 4 ) 6 Mo 7 .4H 2 o + c 6 h 8 o 6 } was added. This reaction mixture was mixed well and blue color developed in 15 min. the optical density was measured at 880 nm by spectrophotometer and the concentration of the available phosphorus (ppm) was calculated. the average values were obtained from three replicates.
Results and Discussion
Fungal isolation and identification the cell and colony morphology of a fungal strain obtained in the isolation process are shown in Fig. 1 . Based on partial 320 bp sequences of the 18S rRnA amplicon of the FRP3 strain and their comparison to those in the GenBank databases, this fungal strain was identified as Trichoderma viride, and namely, Trichoderma viride strain FRP3. T. viride is considered a bio-agent because of its mycoparasitic, antagonistic mechanism for the control of fungal disease and capability of combating a number of fungal diseases of plant crops. it is a soil-borne free-living fungus that grows abundantly and produces millions of greencolored spores (11) . it has been reported that T. viride could degrade herbicides such as trifluralin (30) and bromoxynil (2) . however, to our knowledge, there are no reports about the degradation of glyphosate by T. viride. Some screening studies have only shown that Trichoderma spp. was predominant among soil-borne fungi in medium containing the herbicide glyphosate (1, 15) . Fig. 2 shows the effect of ph and temperature on the mycelial growth of T. viride strain FRP3 in vitro. the optimum temperature was found to be (25) (26) (27) ºC. The strain could grow well in a wide range of pH (pH 4-6.5) and the optimum growth was observed at ph 5 and 5.5. Fig. 2 also shows that this strain is more sensitive to changes in temperature than in ph. the broad range of pH (4 to 6.5) and temperature tolerance of T.
Effect of pH and temperature
viride (20 °C to 35 ºC) is interesting in view of the suitability of this fungal strain for possible future application in a wide range of geographical locations.
Growth profiles
The growth profile of Trichoderma sp. strain FRP3 was further monitored for 24 days based on mycelial dry mass, using Czapek broth medium in full (complex medium), Czapek broth medium containing glyphosate as the sole phosphorus source, and czapek broth medium in the absence of any phosphorus source (control). Fig. 3 shows that the fungal strain has a similar growth pattern on the three types of medium, with appreciable growth in the culture medium containing glyphosate as the sole phosphorus source. the growth in the full medium consistently increased until the end of the monitoring period (24 days of incubation). in the medium containing glyphosate as the sole phosphorus source, the exponential phase was during 4 days and there was a progressive increase up to the first 8 days of cultivation; a stationary phase between the 12 th and the 20 th day of cultivation; and then a slight increase in 24 days of observation. the growth of the studied strain was very low in the control medium and reached stationary phase after 8 days, which continued till the end of the monitoring period. Degradation of glyphosate by means of total phosphorus Fig. 4 shows the growth profiles of Trichoderma sp. strain FRP3 in czapek broth medium containing glyphosate as the sole phosphorus source and the degradation of glyphosate evaluated based on the concentration of total phosphorus.
The progressive increase of mycelial dry mass during the first 8 days of incubation was accompanied by decreasing in the total phosphorus concentration after 8 days of incubation. this experiment shows that the rate of increasing of mycelial dry mass was coupled with decreasing of the total phosphorus concentration. the total phosphorus concentration dropped most notably between the 8 th and the 12 th day of the cultivation process and continued to still decrease until 28 days of cultivation. this result indicates that a utilization process for glycosate takes place and perhaps shows that the studied fungal strain may possess a mechanism for the degradation of glyphosate.
Conclusions
Trichoderma sp. strain FRP3 was identified as Trichoderma viride based on cell and colony morphology, and 18S rRnA analysis. The broad range of pH (pH 4-6.5) and temperature tolerance (20 °C to 35 ºC) of T. viride strain FRP3 is interesting in view of the suitability of strain FRP3 for possible future application in a wide range of geographical locations. the potential use of T. viride strain FRP3 in the biodegradation of the herbicide glyphosate was evaluated in vitro based on the growth profile and the total phosphorus concentration in culture medium containing glyphosate as the sole phosphorus source. T. viride strain FRP3 showed appreciable growth in culture medium containing glyphosate as the sole phosphorus source. this was coupled with a decrease in the total phosphorus concentration, indicating that a utilization process takes place and that the strain may perhaps possess mechanisms for degradation of glyphosate. the results from this study indicate that treatment of soil with Trichoderma viride strain FRP3 could be useful in some areas where this herbicide is extensively used.
